Procollagen a2 (I) mRNA can be induced = 6-fold in primary avian tendon (PAT) cells on addition of ascorbate to the culture medium. Previously, we have shown that the induction is linear after a 12 h lag and requires a total of 60-72 h to achieve maximum levels. We have now investigated in more detail the changes that have occurred in the metabolism of procollagen mRNA 1n fully induced cells to account for the observed induction. Ascorbate was found to triple the rate of procollagen gene transcription. In addition, there was a stabilization of the mRNA causing the half-life to increase from 10.5 h to 20 h. The Increased stability of the procollagen mRNA, however, did not correlate with its ability to bind to oligo (dT)-cellulose. Since a 3-fold change 1n transcription rates and a 2-fold increase in half-Hfe would account for the 6-fold overall Increase in procollagen mRNA levels, we conclude that these are the primary alterations caused by ascorbate addition that give rise to the specific increase in procollagen mRNA.
INTRODUCTION
In eucaryotic cells the control of specific mRNA levels has an important (1), although not necessarily rate-limiting (2-4), role in the regulation of protein production. Many steps in RNA metabolism could play an active part in regulating the final pool size of a specific mRNA within the cytoplasm. Even under a narrowly defined set of conditions, it can be relatively difficult to obtain a clear indication of the control processes that account for this quantitative regulation.
Primary avian tendon (PAT) cells are an ideal system for this type of study. Upon ascorbate addition to the medium the level of procollagen mRNA in the cell increases =6-fold (30) . Previous analysis of the kinetics of the process reveal a 12 h lag followed by a 48-60 h linear increase to maximum levels (2). At full induction, the procollagen mRNA pool size is sufficient for half of the total protein synthesis of the cell to be devoted to procollagen (2,5). Therefore, both the level of procollagen mRNA within the cell and the relative change after ascorbate addition are sufficiently large to allow one to determine the steps which were altered. In addition, the ascorbate effect is highly specific; there is no change in the growth rate of the cell or the rate of noncollagen protein synthesis (5, 6) .
In this paper we have analyzed for differences in transcription and degradation rates for procollagen mRNA in PAT cells fully induced with ascorbate and in uninduced PAT controls. The observed Increase 1n procollagen mRNA levels 1n Induced PAT cells can be attributed to a combined change in both transcription and degradation rates. At the end of the hybridization two washing procedures were used to reduce non-specific binding. In the procollagen mRNA half-Hfe (pulse-chase) experiments the level of procollagen mRNA was sufficiently high that the washing procedures described by Thomas (13) 
Degradation Rates
Changes 1n specific degradation rates have been shown to be an important part of the regulation of mRNA levels 1n other cell systems (15,20,21,29,31) . Therefore, 1n ascorbate induction of PAT cells part of the Increase in procollagen mRNA levels could be due to an increase in the half-life of procollagen mRNA.
To examine the half-life of procollagen mRNA, we used a standard pulsechase protocol as described 1n the Methods section. The success of the chase can be seen in Fig. 4A where the specific activity of total RNA was plotted versus time. PAT cells, with and without ascorbate, showed a continuous decay in specific activity of the RNA with a half-life of approximately 32 h. This method, with time points taken from cells grown in individual flasks, is not sensitive enough to detect minor components with short half-lives. The decrease in specific activity with time that we observed was consistent with the expected long half-life of ribosomal RNA (22) . When these same RNA samples from the chase period were hybridized to an excess of a cDNA clone for procollagen mRNA (pCg45), we observed that the degradation rate of procollagen a2 (I) mRNA was dependent on the presence of ascorbate (Fig. 4B) This explanation for the increased stability of procollagen mRNA was tested by determining whether procollagen raRNA extracted from ascorbate induced PAT cells would bind better than that from scorbutic cells to an oligo (dT)-cellulose column. As a control, we also determined the ability of glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA from ascorbate Induced The RNA from ascorbate induced and uninduced PAT cells before and after chromatography on oligo (dT)-cellulose was assayed for levels of procollagen a2 (I) mRNA and 6AP0H mRNA using a dot hybridization method (2). In the unfractionated RNA the relative amount of procollagen mRNA increased 5.4 fold (2) while the relative amount of GAPOH mRNA decreased by half after stimulation of the cells with ascorbate. The bound fraction was 2.9% of the total input RNA in the minus ascorbate case and 4.7% in the plus ascorbate case. Table I shows that procollagen mRNA did not bind well to oligo (dT)-cellulose columns (28). But, more Importantly, the overall recovery in the bound fraction was greater from scorbutic PAT cells. Interestingly, the GAPDH mRNA from scorbutic cells bound significantly better to the column. Assuming that oligo (dT)-cellulose chromatography accurately reflects poly A tail length, then there does not appear to be a correlation between length of the poly A tail and the stability of procollagen mRNA.
and uninduced cells to bind to oligo (dT)-cellulose. The data presented in

DISCUSSION
The 6-fold increase in procollagen a2 (I) mRNA which results from ascorbate induction can be accounted for by a 3-fold increase 1n transcription rates and by 2-fold increase in mRNA half-life from 10.5 to 20 h. Ascorbate induction of procollagen mRNA is not, therefore, a simple one step event. Moreover, at this time, we cannot rule out the possibility that other steps 1n the pathway (such as nuclear processing or secretion from the nucleus) could be making a small contribution to the increase seen in procollagen mRNA.
This observation that mRNA species are controlled by changes in both transcription and degradation rates has been made with several other cell systems (4,20,21,29) . While many reasons could be advanced for multifaceted control of mRNA levels, in the specific case of procollagen mRNA and tendon cells, a rationale can be formulated as follows: In tendon tissue there 1s a need to control over the course of development the level of procollagen expression from less than 1% to about 50* of total protein synthesis (9). Whether a commensurate change to high mRNA levels could be achieved by simply altering transcription rates 1s unclear given the limitation that the procollagen gene (a2 [I]) 1s present as a single copy (24,25) . In these cases the fraction of specific RNA production to total transcription is extremely small, around 5 x 10 to 5 x 10 (1). In the case of the procollagen a2(I) gene, our results are in line with expectation considering the large size of the gene. Approximately 3 x 10 of the total RNA production hybridized to the pCg45 probe. The fact that this probe only recognizes a fifteenth of the genomic sequence (11) means that approximately 5 x 10 of the RNA transcribed was procollagen a2 (I) specific in the induced case. Since the procollagen o2 (I) gene is large (18), the transcription levels on a molar basis does not appear to be unusually high. To account for the abundant levels of procollagen mRNA 1n the cytoplasm one needs an additional mechanism. One hypothesis that has been proposed (31) is that the stability of the mRNA in the cytoplasm is critical because eucaryotic mRNA can vary widely with regard to this parameter. In particular, since the average mRNA half-life has been estimated in other cell culture systems to be considerably less than 3 h (26), the long-half of procollagen mRNA in the ascorbate Induced PAT cell has the apparent affect of raising the ultimate steady-state level by approximately an order of magnitude. A reasonable model 1s that a wide range of control in the production of mRNA from a single copy gene can most readily be brought about by the regulation of both transcription and degradation rates.
This raises the more complex question of how ascorbate can coordinately control two seemingly unrelated steps occurring in different compartments of the cell -mRNA transcription in the nucleus, and mRNA degradation 1n the cytoplasm. With regard to specific degradation rates, it will be necessary to determine whether stabilization requires a modification 1n the mRNA molecule itself (such as polyadenylation or capping of the 5' end [1]) or a change in another step 1n the pathway (for example, whether increased translation rates can stabilize the mRNA). Similarly, do the increases observed 1n transcription rate suggest that a specific inducer may enter the nucleus (by analogy to certain hormones [15] ); alternatively, transcription rates may be controlled by a feedback of intermediates in the pathway. Elucidation of
